To analyse the vasoreactivity of a coronary segment, previously scaffolded by the ABSORB bioresorbable vascular scaffold (BVS) device, in relationship to its intravascular ultrasound -virtual histology (IVUS -VH) composition and reduction in greyscale echogenicity of the struts. Coronary segments, transiently scaffolded by a polymeric device, may in the long-term recover a normal vasomotor tone. Recovery of a normal endothelial-dependent vasomotion may be enabled by scaffold bioresorption, composition of the underlying tissue, or a combination of both mechanisms.
Introduction
The ABSORB bioresorbable vascular scaffold (BVS; Abbott Vascular, Santa Clara, CA, USA) has been introduced in clinical trials with the aim to provide temporary vessel scaffolding and to be subsequently bioresorbed, thereby allowing the artery to respond to the shear stress and to have pharmacologically induced vasomotion, akin to a non-treated coronary segment. 1, 2 This entire process, making the coronary segment transiently scaffolded fully amenable to biological, pharmacological, and physiological stimuli, has recently been termed 'vascular reparative therapy'. 3 Vasomotor testing, using nitroglycerin (NTG) and acetylcholine (Ach) as endothelial-independent or -dependent vasoactive drugs, were performed in the ABSORB trials at various time points. Clear signs of vasomotion in the scaffolded segment were demonstrated at 12 and 24 months in ABSORB Cohort B and ABSORB Cohort A trials, respectively, suggesting that the mechanical integrity and radial forces of the scaffold had substantially subsided at these time points. 2, 4 In addition, changes in the echogenicity of the polymeric struts appeared to be correlated to the recovery of vasoreactivity in a small pilot study. 5 Conversely, response to Ach demonstrated vasodilation in only half of the patients, suggesting that full coverage by endothelial cells and complete return of functional capacity of these cells are not achieved in the majority of the cases, and other factors should be considered to explain the vasomotor tone dysfunction. 2, 4 In non-stented diseased coronary segments, Lavi et al. 6 have previously demonstrated that local coronary endothelial dysfunction may be related to distinctive atherosclerotic characteristics, namely plaque burden and the presence of necrotic core (NC) or dense calcium, evaluated by intravascular ultrasound -virtual histology (IVUS-VH). We sought to analyse: (i) the changes in the echogenicity of polymeric struts, a surrogate of bioresorption, and its relationship with the vasoreactivity in the scaffolded segment, and (ii) the IVUS -VH composition of the coronary segment scaffolded by an ABSORB BVS device at the time of the vasomotion test.
Methods

Study population
The ABSORB trial includes the ABSORB Cohort A and Cohort B trials. Briefly, in the ABSORB Cohort A trial (NCT00300131), 30 patients with a diagnosis of stable or unstable angina or silent ischaemia, were enrolled. All treated lesions were single and de novo in a native coronary artery of 3.0 mm diameter, shorter than 8 mm for the 12 mm scaffold and shorter than 14 mm for the 18 mm scaffold, with a diameter stenosis .50 and ,100%, and with a thrombolysis in myocardial infarction (TIMI) flow grade more than 1. Major exclusion criteria were patients presenting with an acute myocardial infarction, unstable arrhythmias, or patients who had a left ventricular ejection fraction ,30%, restenotic lesions, lesions located in the left main coronary artery, lesions involving an epicardial side branch ≥2 mm in diameter by visual assessment, and the presence of thrombus or another clinically significant stenosis in the target vessel. All lesions were treated by implantation of an ABSORB first-generation scaffold (revision 1.0) (3.0 × 12 mm and two lesions by 3.0 × 18 mm) and invasively imaged at 6-and 24-month follow-up. The ABSORB Cohort B trial (NCT00856856) enrolled 101 patients with the same clinical profile and lesion type, divided into two groups according to the timeline of invasive follow-up: Cohort B1 with invasive imaging at 6 and 24 months; Cohort B2 with the same invasive imaging at 12 and 36 months. The 12-month follow-up has so far been performed. All lesions were treated by implantation of an ABSORB second-generation scaffold (revision 1.1) (3.0 × 18 mm). 7 The Ethics Committee at each participating institution approved the protocol and each patient gave written informed consent before inclusion.
As an optional investigation, vasomotion testing with Ach and NTG-according to local practice-was performed at 24-month follow-up in the ABSORB Cohort A trial and at 6-or 12-month followup in ABSORB Cohort B trial. As the integrity of the scaffold has been shown to be still present at 6-month follow-up, the present analysis only included patients with a 12-and 24-month follow-up. 4, 7 
Study device
The ABSORB BVS device consists of a polymer backbone of poly-L-lactide coated with a thin layer of a 1:1 mixture of poly-D,L-lactide polymer, and the anti-proliferative drug everolimus to form an amorphous drug-eluting coating matrix containing 100 mg of everolimus/cm 2 of scaffold. The details of the device have been described previously. 8 -10 In brief, the ABSORB BVS revision 1.1 has a smaller maximum circular unsupported surface area compared with revision 1.0, with the struts arranged as in-phase zigzag hoops linked together by three longitudinal links, similar to the XIENCE V design.
9
Study procedure and intravascular ultrasound acquisition/analysis Target lesions were treated using standard interventional techniques, with mandatory pre-dilatation. Post-dilatation with a balloon shorter than the implanted scaffold was allowed at the operator's discretion, up to the prescribed maximal post-dilatation diameter. The IVUS was performed using the Eagle Eye 20 MHz catheter (Volcano Corp., Rancho Cordova, CA, USA) with an automatic continuous pullback at a rate of 0.5 mm/s (30 frames/s) at the level of the scaffolded segment after ABSORB BVS implantation and at followup. Greyscale images and radiofrequency data, required for VH analysis, were acquired during the same pullback and raw radiofrequency data capture gated to the R-wave (In-Vision Gold, Volcano).
Quantitative IVUS measurements were performed within the scaffolded segment and 5 mm distal to the device, including vessel area, lumen area, plaque area (vessel area 2 minus lumen area), and plaque burden [(plaque area/vessel area) × 100]. For the radiofrequency IVUS analyses, four tissue components [NC-red; dense calcium (DC)-white; fibrous (FT)-dark green; and fibrofatty (FF)-light green] were identified with autoregressive classification systems. All individual tissue components were quantified as area and percentage (per cross-section, NC + DC + FF + FF ¼ 100%).
2,11
Echogenicity analysis
It has been previously shown that during in vivo ABSORB BVS degradation, a diminishing grey-level intensity of the struts over time can be detected by IVUS. 2, 12, 13 A dedicated computer-aided greyscale value analysis program was used to assess the echogenicity of the polymeric struts after implantation and at the various follow-up time points. 12, 14 The applied algorithms of this software have been previously published S. Brugaletta et al.
and validated. 14 Briefly, the mean grey value of the adventitia is used to classify tissue components as either hypo-echogenic (e.g. grey values lower than the mean adventitia level) or as hyper-echogenic (e.g. greyvalues at higher levels than those of the adventitia). The polymeric struts of the ABSORB BVS are usually identified as hyper-echogenic tissue. 12 The difference between the follow-up and the postprocedural hyper-echogenicity was assessed in the treated segment and calculated as the following:
%hyper-echogenicity follow-up − %hyper-echogenicity post-ABSORB implantation %hyper-echogenicity post-ABSORB implantation
×100
Quantitative coronary angiography and vasomotion test b-Blockers, calcium channel blockers, and nitrates were withheld at least 48 h before the coronary angiogram. Quantitative coronary angiography (QCA) was performed with the CASS II analysis system (Pie Medical BV, Maastricht, The Netherlands) by an independent CoreLab (Cardialysis, Rotterdam BV, The Netherlands). The accuracy of this method has previously been reported in detail. 15 The scaffolded segment was defined as the segment between the two radio-opaque platinum markers at both ends of the ABSORB BVS. The 5 mm edges distal to the device were also analysed.
The mean lumen diameter in the scaffolded and distal segments was measured by QCA after a baseline infusion of saline and subselective intracoronary administration of Ach, infused through a microcatheter at increasing doses up to a maximum of 10 
Statistical analysis
The distribution normality of the variables was tested using the 
Results
Patient population
A total of 26 patients with paired greyscale IVUS, VH, and vasomotion analyses were included (18 at 12-and 8 at 24-month followup). Table 1 shows their baseline and angiographic characteristics.
Acetylcholine and nitroglycerin test at the scaffold level
Overall, the change in the mean lumen diameter after Ach administration was 21.44% (27.35, +2.56; P ¼ 0.303; (Figure 1) . A significant negative relationship was also found between changes in the mean lumen diameter after nitrates administration and hyper-echogenicity (r ¼ 20.511; P ¼ 0.030).
By greyscale IVUS and VH, scaffolded segments with a vasoconstriction response to Ach had larger mean vessel area, plaque burden, and NC content compared with those with a vasodilatory response to Ach ( Table 3) . A significant negative relationship was found between NC area and changes in mean lumen diameter after Ach administration (r ¼ 20.676, P ¼ 0.001) (Figure 2 ).
Response to acetylcholine and nitroglycerin at the distal edge of the scaffold In 22 patients (14 at 12 and 8 at 24 months), both IVUS -VH analysis and an Ach test were available at the distal edge of the scaffold ( Table 2) .
Overall, no significant changes in the mean lumen diameter after Ach [22 By greyscale IVUS and VH, edge segments with a vasoconstrictive response to Ach had larger plaque burden, DC, FT, and NC area compared with those with a vasodilatory response to Ach ( Table 4) . A significant negative relationship was found between NC area and changes in the mean lumen diameter after Ach administration (r ¼ 20.552, P ¼ 0.011).
Discussion
The major findings of the present study are: (i) the ability of a coronary segment scaffolded by an ABSORB BVS device to react to vasoactive drugs is related to the bioresorption of the polymeric struts, as indirectly evaluated by changes in their echogenicity; (ii) the presence of endothelial dysfunction in this segment is correlated to plaque burden and VH-NC, resembling the behaviour of a native diseased coronary vessel; moreover, recovery of a normal endothelial function was associated with a low plaque burden and VH-NC. (iii) The vasoreactivity behaviour of the distal edge of the scaffold does not differ substantially from the physiological reaction observed in the scaffolded segment. These findings suggest the return of a normal physiological reactivity to vasoactive drugs in the treated coronary segments-with a relative absence of NC-once the mechanical integrity of the device has disappeared.
Progressive return of vasoreactivity as a function of polymeric bioresorption
Over the past 15 years, much attention has been focused on endothelial dysfunction in the segment distal to the implanted metallic drug-eluting stent (DES). Subsequently with the introduction of bioresorbable scaffolds, the interest about reactivity to vasoactive drugs has moved to the segment where the device was implanted. As the mechanical integrity of the ABSORB BVS is aimed a priori to disappear within 2 years, the scaffold's resistance to vasomotion induced by vasoactive drugs decreases over time, thereby allowing for the potential recovery of normal vasomotor tone. This is in contrast to a vascular structure permanently caged by a metallic prosthesis. 2 The ABSORB Cohort A trial was the first study demonstrating some degree of return of vasoreactivity in a coronary segment scaffolded by a polylactide device, after administration of Ach, methylergonovine, and nitrates at 2-year follow-up. 2 Recently, the ABSORB Cohort B trial demonstrated that the scaffolded segments react by vasomotion to Ach and methylergonovine as early at 12 months, due to the partial subsidence of the radial force of Endothelial-dependent vasomotion in coronary segment the scaffolded vessel. 4 Conversely, at 6 months, the scaffold is still able to counteract the pharmacologically induced vasoconstrictive effect of methylergonovine 4 ( Figure 3 ). The differences in the degradation behaviour between the two revisions of the ABSORB device may be an explanation for the differing degree of vasomotion recovery. 7, 17 Previous reports have described that degradation of the scaffold can be monitored in vivo by a reduction in hyper-echogenicity tissue over time. 4, 12, 13 It is also known from animal data that the scaffold polymer has a mass loss of 70 and 90% at 12 and 18 months, respectively, and becomes undetectable at 24 months. 10 In the present analysis, a greater reduction in hyper-echogenicity of the scaffolded segment was associated with a normal vasodilatory response to Ach. These findings may support a link between the grade of scaffold degradation and the restoration of a normal vascular reactivity in the treated segment.
Influence of virtual histology composition of the underlying tissue on the vasoreactivity of the scaffolded coronary segment
In an untreated coronary artery segment, vasoconstriction to Ach has previously shown to be correlated to specific features of vulnerable plaque, in particular high content of DC and NC. 6 These findings were in part confirmed in the present analysis at the level of the distal edge, where the presence of a vasoconstrictive response to Ach was related to high plaque burden, DC, and NC area. However, whereas the relative content (%) of DC was not different between the two groups, the relative content of NC tended to be higher in the edges with vasoconstriction to Ach (P ¼ 0.095): the small number of patients or the short length of the segments analysed could explain the lack of statistical significance. 6, 16 It was of note that in the scaffolded segment, the ability to recover a vasodilatory response to Ach appeared to be dependent on the plaque burden and NC content (Figure 4) . The present study further supports the fact that NC, a proven site of active inflammation and oxidative stress, may constitute a pathophysiological link between plaque composition and endothelial dysfunction. 18, 19 Acetylcholine normally lowers the capillary resistance, thereby increasing flow and shear stress with stimulation of endothelial receptors and eventual release of nitric oxide through endothelial nitric oxide synthesis activation. For this reason, the anatomical and functional integrity of coalescent endothelial cells is a conditio sine qua non for a vasodilatory reaction to Ach. It is also important to highlight the analogy in response to Ach in relation to VH plaque composition between a coronary segment scaffolded by a bioresorbable device and previous findings in a native diseased coronary segment. 6 The fact that they both exhibited the same dependence of the Ach response, to the presence of NC, may support the concept of recuperation of a normal reaction to shear stress and vasoactive drugs, in a coronary vessel, initially treated with a bioresorbable scaffold, once the scaffold is bioresorbed. Previously, in a small series of patients investigated pre, post, 6, and 24 months after scaffold implantation (ABSORB Cohort A), it was demonstrated that the scaffold bioresorption process did not globally affect the VH-NC content of the vessel wall. 2, 20 Everolimus has been shown to have some anti-inflammatory effects that can lead, in the long-term, to the VH-NC reduction in the plaque behind the polymeric scaffold. 21 The vasoconstrictive reaction to Ach has to be therefore related to the pre-existing level of NC prior to the treatment with the scaffold. Further and novel strategies to halt or regress the NC need to be considered, in conjunction with the focal treatment with this transient scaffold. In particular, darapladib and lipid-lowering therapy, such as statins, have previously been shown to be promising drugs to reduce the NC content. 22, 23 Eventually, it should be mentioned that two different versions of the ABSORB device have been therein analysed. Although both are made with the same polylactide material, a potentially different impact on coronary endothelium cannot be excluded. acetylcholine. In the corresponding virtual histology images, a low and high content of necrotic core can be appreciated. Arrows indicate the polymeric struts in the greyscale intravascular ultrasound, recognized as dense calcium by virtual histology. Ach, acetylcholine; LD, lumen diameter.
Endothelial-dependent vasomotion in coronary segment
Vasoreactivity of the coronary segments adjacent to a polymeric device
The coronary segment distal to a first-generation DES classically exhibits a paradoxical response to Ach, especially when compared with bare metal stent. 16, 24, 25 The introduction of the secondgeneration DES has been shown to reduce this endothelial dysfunction. The present analysis investigating a new generation of the BVS device, made of polylactide that completely bioresorbed in 2 years, demonstrated that on average, the segment distal to the implanted scaffold did not have a significant vasoconstriction response to Ach administration. Four out of the eight cases tested at 24 months exhibited an intense endothelium-dependent vasodilatory response to Ach, while the majority of the cases tested at 12 months (12/14) had vasoconstriction. It is widely known that the drug eluted during the first months after device implantation tends to reach the vessel wall distal to the device by elution, diffusion through the tissue, and the vasa vasorum. 16 Clinical data support the hypothesis of drug impregnation distally but not proximally to the device, contributing to a lower restenosis rate at the distal compared with the proximal edge. 26 The present results may therefore be in favour of a more 'endothelium friendly impact' of the drug-eluting bioresorbable scaffold in minimizing the local device-and drug-specific response, affecting the endothelium-dependent vasomotion of the coronary segment distal to the device. 27 In particular, not only the presence of a non-metallic cage, but also the elution of everolimus should be considered as hypotheses to explain the present data. While sirolimus was suggested to have a direct detrimental effect on the endothelium and/or signalling pathway, 16, 28 everolimus was shown to cause a marked clearance of macrophages, by autophagy induced by mTOR inhibition, but without altering the endothelial or smooth muscle cell viability.
29,30
Limitations
The major limitation of the present analysis is the small number of patients. Nevertheless, this cohort of patients represents the largest series of patients receiving an ABSORB device studied by IVUS -VH and vasoreactivity testing. The second limitation is that the VH composition of the scaffolded plaque may be influenced by the presence of the scaffold; however, analysis of the plaque underlying the scaffold requires acquisition by a specific VH console, further limiting the number of the patients. 21 Our analysis lacks of a control group, although the relationship between vasomotor response to Ach and VH composition of plaque in segments without scaffold has been reported previously. 6 
Conclusions
The present study demonstrated that endothelial dysfunction in a coronary segment scaffolded by an ABSORB BVS device is correlated to plaque burden and NC, resembling the behaviour of a native non-stented coronary segment. Reduction in hyperechogenicity in the scaffolded segment over time appears to be also correlated to the recovery of normal vasoreactivity. The vasoreactive behaviour of the distal edge of the scaffold does not substantially differ from the physiological reaction observed in the scaffolded segment. The clinical and prognostic implications of the present findings remain to be determined.
